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Two-dimensional electron-hole systems in a strong magnetic field:
Composite fermion picture for multicomponent plasmas
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Electron-hole systems on a Haldane sphere are studied by exact numerical diagonalization. Low-lying states
contain one or more types of bound charged excitonic complégesinteracting through appropriate pseudo-
potentials. Incompressible ground states of such multicomponent plasmas are found. A generalized multicom-
ponent Laughlin wave function and composite fermion picture are shown to predict the low-lying states of an
electron-hole gas at any value of the magnetic figh1163-182@09)51540-3

[. INTRODUCTION the energy of compleX) are listed in Table | for several
different values of 3. It is apparent thatg>e;>e,>¢3.
Recently there has been considerable interest in twoPepending on the ratidl.:N;,,, we expect to find different
dimensional systems containing both electrons and holes icombinations of complexes that have the largest total bind-
the presence of a strong magnetic fitlflin such systems, ing energy. WherN.=N,,, we expectN,, neutral excitons
neutral X°) and charged excitonsX(') and larger exciton X° to form. WhenN.=2N,,, the low-lying states will con-
complexes X, , k neutral X”s bound to an electrgncan  tainN;, charged excitonX ™~ andN.— 2N, free electrong .
occur. The excitonic ionsX, are long-lived fermion§,  For N,<N¢<2N, we expect to find larger charged exciton
whose energy spectra contain Landau-level struétfiin ~ complexes.
this paper we investigate by exact numerical diagonalization
small systems containingl, electrons and\y holes (N IIl. PSEUDOPOTENTIALS
=N,), confined to the surface of a Haldane spHefeor
N,=1 these systems serve as simple guides to understanding Whether the states with largest binding energy form the
photoluminescenck® For N,>1 it is possible to form a lowest energy band of the electron-hole system depends on
multi-component plasma containing electrons aqidiong the interaction between charged compleXgs. The interac-
We propose a mod¥l for determining the incompressible tion of a pair of charged particle& and B of angular mo-
quantum fluid staté$ of such plasmas and confirm its valid- mentuml, and |z can be described by a pseudopotential
ity by numerical calculations. In addition, we introduce aV,g(L) where L=1,+1g is the total pair angular
generalized composite fermidi©F) pictureé”? for the multi-  momentunt: It is convenient to plot pseudopotentials as a
component plasntdand use it to predict the low-lying bands function of the relative angular momentuR= 1, +1g—L.1°
of angular momentum multiplets for any value of the mag-Figure 1 shows/,g(R) for the pairse e, e X, X X7,
netic field. ande X, at the monopole strengthS2=17. Roughly, the
pseudopotential parametevsg(R) calculated for different
Il. BOUND STATES pairs AB and for a given 3 lie on the same curve. Small
differences between energid4,g calculated for different

In a sufficiently strong magnetic field, the only bound pairs at the sam®& are due to different values ¢f andlg
electron-hole complexes are the neutral exci¥hand the

spin-polarized charged excitonic ionX, (electron e~ TABLE I. Binding energies:q, €1, €5, andeg of X°, X~, X, ,
=X, , charged excitorX"=X; , charged biexcitorX; ,  andXj; , respectively, in the units a?/\.

etc).®” All other complexes found at weaker magnetic fields

(e.g., spin-singlet charged excifoor spin-singlet biexciton ~ 2S €9 g1 €2 €3

unbind® The angular momenta of complex&8 andX, on
a Haldane sphetavith monopole strengthRarel yo=0 and
Ix-=19] —k.” The binding energies of an excitopy=

—Eyxo and of excitonic ionss = Exk—_l+ Exo—EX; (Ea is

10 1.3295043 0.0728357 0.0411069 0.0252268
15 13045679 0.0677108 0.0395282 0.0262927
20 12919313 0.0647886 0.0381324 0.0260328
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FIG. 1. Pseudopotential¥-.- (filled circles, Ve-x- (open {*
circles, Vy-x- (filled squarey and Ve’X; (open squargson a  ® - o
Haldane sphere with@=17, as a function ofR (main frame and w 1.40~ -
L(L+1) (insed. ] 0//'
and to the finite size and polarization of composite particles ] (e)25-14 (f) 2514
Only the latter effect, important at small, persists for 3 0o 1 2 3 4 5 6 0 {1 2 3 4 5 6
—o0, i.e., in the planar geometry. L L

Th; major.alnc:. C”.tlcarl] dlflfleren((j:e k?etweefnf f(l)lur pltzjtted FIG. 2. Left: low energy spectra of thee8 2h system on a
pseudopotentials lies in the allowed valuesflt all Aan Haldane sphere at2=9 (a), 2S=13 (c), and S=14 (e). Right:

B were point charges, the allowed pair angular momenta fog . oximate spectra calculated for all possible groupings containing
two identical fermions A=B) would beL =2l ,—j, wherej excitons(charged composite particles interacting through pseudo-

is an odd integer, i.eR=13,... andR=<2l,. For tWo  potentials as in Fig.)L Lines connect corresponding states in left
distinguishable particlesA# B), the values oL would sat-  and right frames.
isfy |la—lg|sLs<lp+lg, ie, R=0,12... and R

<2 min(,,lg). However, ifA or B is a composite particle, charged particles occur in an electron-hole system, and find
one or more pair states with largdst(smallestk) are for-  incompressible fluid states of such multi-component plasma.
bidden, and the corresponding pseudopotential parameters

are effectively infinite AB repulsion has a hard coreFor IV. NUMERICAL RESULTS

A=X,, andB=X,_, the smallest allowe® can be deduced

from the mappint) between the electron-hole and two-spin
systems,

As an illustration, we present first the results of exact
diagonalization performed for the system wit)=8 and
NL,=2. We expect low-lying bands of states containing the
following combinations of complexegi) 4e™ +2X, (ii)
5e”+X, , (i) 56" +X +X° and (iv) 6e”+2X° All
groupings(i)—(iv) contain an equal numbéd=N.— N, of
. singly charged complexes; however, both the angular mo-

Low—Iylr_lg states of arN, electron andNj, h_oIe s_ystem menta of involved complexes and the relevant hard cores are
can contain a number of charged comple¥gs (X and  ittarent. The total binding energies ase=2s,+ 25, ¢;
possibly larger ongsinteracting with one another and with _ coteite,, e5=260+8,, ande,=2s, Clearly, ¢,
electrogs through apprppriate pseudopotentigls. It has beeﬁsn>8m>8iv- However, which of the groupings contains
showrt® that the Laughliny=1/m state occurs in the gas of e ground state depends also on the interactions between all
(identica) fermions if the pseudopotential increases fasteg,q charged particles.
than linearly as a function df(L+1) in the vicinity of R In Fig. 2, we show the low energy spectra obtained by
=m. As seen in the inset in Fig. 1, this is true for b&h- .- diagonalizing the ten-particle €8 2h) system at $=9 (a),
andVx-x-, and also(at evenR) for Ve-x- andVe-x . In 55= 13 (¢), and 25=14 (e). Filled circles mark the nonmul-
Ref. 7 we found Laughlin states of one-compon¥nt gas tiplicative state&® (i.e., states containing no decoupled neu-
formed atN.=2N,,. In the present paper we concentrate ontral exciton$, and the open circles and squares mark the
a more general situation, where more than one kind omultiplicative states with one and two decoupled excitons,

R TN=2 min(ka,Kg) + 1. (1)

Thus, in Fig. 1,R .-x-=1, Rx-x-=3, etc.
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] . For a system containing a number of distinguishable types of
1 28=17 ° ) . . . . K
] 8 o © fermions interacting through Coulomb-like pseudopotentials,
-4.20] e« 8 8 8 the appropriate generalization of the Laughlin wave function
= e o 8 & ° will contain a factoﬂ(xi(a)—xj(b))mab, wherex(® is the com-
“j\g ] oo plex coordinate for the position of thiéh particle of typea,
w430 .\/./*—’ and the product is taken over all pairs. For each type of
] ® o m particle, one power of(®) —x{®)) results from the antisym-
] @ o 7+5X +X° (vi) metrization required for indistinguishable fermions and the
4407 o O e™+4X™+G (vil other factors describe Jastrow-type correlations between the
6 1 32 3 4 &5 6 7 8 9 10 11 interacting particles. _Sych a wave function guarantges that
L Rap=M,,, for all pairings of various types of particles,

¢ dif o Gourati fthereby avoiding large pair repulsidh'* Fermi statistics of
FIG. 3. Low energy spectra of different charge configurations o particles of each type requires that ail, are odd, and the

the 12+ 6h system on a Haldane sphere &=217: 6X~ (dia- ) . min
monds3, e~ +5X~ +X° (filled circles, ande™ +4X~ +X, (open Bg:g cores defined by E¢1) require thaim,,=R 5" for all

circles.

respectively. In framegb), (d), and (f) we plot the low en- VI. GENERALIZED COMPOSITE FERMION PICTURE

ergy spectra of different charge complexes interacting |n order to understand the numerical results obtained in
through appropriate pseudopotentidisee Fig. ], corre-  the spherical geometr§Figs. 2 and 3 it is useful to intro-
sponding to four possible groupings—(iv). By comparing  quce a generalized CF picture by attaching to each particle
left and right frames, we can identify low-lying states of typefictitious flux tubes carrying an integral number of flux
(i)—(iv) in the electron-hole spectra. quanta¢,. In the multicomponent system, eaehparticle

~ Ingeneral, energies calculated from pseudopoterMials  carries flux fn,,— 1), that couples only to charges on all
in Fig. 2 underestimate energies of the. correspondingiper a particles and fluxesm,p, that couple only to
electron-hole system il and 2S are large. This can be par- charges on ab particles, wher@ andb are any of the types

tially understood in terms of polarization effects in the two- of fermions. The effective monopole strenttir'>’seen by
particle pseudopotentials. Better approximate pseudopoten: cr of typea (CF-a) is

tials for the &+ 2h system are close to those of a pair of
oint charges with appropriate angular momedntand |,

gxcept forgthe hard c%?és[.) ’ A ° 28} =2S5- % (Map— Sap) (Np— Sap)- v

It is unlikely that a system containing a large number of
different speciese.g.,e”, X~, X, , etc) will form the ab-  For different multicomponent systems, we expect general-
solute ground state of the electron-hole system. Howeveized Laughlin incompressible statésr two components de-
different charge configurations can form low-lying excited noted ag mya,Mgg,Mag]) When all the hard-core pseudo-
bands. An interesting example is thee#26h system at 8  potentials are avoided and CF'’s of each kind fill completely
=17. The &X~ grouping(v) has the maximum total binding an integral number of their CF shells.g.,N,=2I% +1 for
energys,=6¢qy+ 6¢,. Other expected low-lying bands cor- the lowest shell In other cases, the low-lying multiplets are
respond to the following groupingévi) e~ +5X~ + X% with  expected to contain different kinds of quasiparticles
£, i=6gg+5e, and (vii) e +4X +X; with e,;=6¢, (QP-A,QP-B,...) orquasiholes (QHA,QH-B, ...) inthe
+5e,+e,. We have checked other groupings that haveneighboring incompressible state.
large binding energies and find that they all have higher total Our multicomponent CF picture can be applied to the sys-
energies tharfv)—(vii). tem of excitonic ions, where the CF angular momenta are

Although we are unable to perform an exact diagonalizagiven byI;;=|S;;| —k. As an example, let us first analyze
tion for the 12+ 6h system in terms of individual electrons low-lying 8e+2h states in Fig. 2. At $=9, for
and holes, we can use appropriate pseudopotentials and bind-" " -~ —3andm..v. =1 we predict the followin
ing energies of groupingé/s)—(vii) to obtain the low-lying Me-e~ =Mx-x- =2 aANAMe-x , We pre * 9
states in the spectrum. The results are presented in Fig. $W1ving multiplets in each grouping(i) 2S.-=1 and
There is only one B~ state(the L=0 Laughlinvy-=1/3  2Sx-=3 givesl;_=I3_=1/2. Two CFX s fill their low-
staté) and two bands of the states in each of groupifjs  est shell Lx-=0), and we have two QR-"s in their first
and (vii). A gap of 0.0626%\ separates the ground state excited shell, each with angular momentur§1+1=3/2
from the lowest excited state. (Le-=0 and 2. Addition of L~ andLy- gives total angular
momentaL =0 and 2. We interpret these states as those of
two QP-e’s in the incompressiblg331] state. Similarly, for
other groupings we obtair(ii) L=2; (iii) L=1, 2, and 3;

It is known that if the pseudopotenti®d(R) decreases and(iv) L=0 (v=2/3 state of six electrons
quickly with increasingR, the low-lying multiplets avoid At 25=13 and 14, we setmg-.-=myx-x-=3 and
(strongly repulsivgpair states with one or more of the small- m.-yx-=2 and obtain the following predictions. First, at
est values ofR.1>18 For the(one-componentlectron gas on  2S=13: (i) The ground state is the incompressifjg32]
a plane, avoiding pair states wifh<<m is achieved with the state alL=0; the first excited band should therefore contain
factorIl;;(x;—x;)™ in the Laughlinv=1/m wave function.  states with one QP-QH pair of either kind. For #ie exci-

V. GENERALIZED LAUGHLIN WAVE FUNCTION
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tations, the QRe™ and QHe~ angular momenta arb’e‘, .The agreement of our (;F p_redictions yvith the data in
=3/2 and|*_+1=5/2, respectively, and the allowed pair Figs. 2 and Q(mgrked with linegis rgally quite remarkable .
states havd-i _—1, 2,3, and 4. However, the.-—1 state and strongly |nd|ca}tes that our muItlco.mponent' CF picture is
has to be disecarded, as it is known to have hiSh energy in th orrect. We \'/vere'mdeed ablg to confirm predlcted'JastrO\'N—
one-componentfour-electron spectrum’ For theX ™ exci- ype _C(_)rrelatlons in the low-lying states by Calcul_atlng their

. * ) ' coefficients of fractional parentage’® We also verified the
tations, we haveé,=1/2, and pair states can hakg-=1

] - - .CF predictions for other systems that we were able to treat
or 2. The first excited band is therefore expected to Coma"?numerically. If exponentsn,,, are chosen correctly, the CF
multiplets atL =1, 22, 3, and 4. The low-lying multiplets for picture works well in all cases. ’

other groupings are expected @i) 28;5 =3 gives no bound

X5 state; settingn,-x-=1 we obtainL=2; and(iii) L=2 VIl. SUMMARY

and 3; andiv) L=0, 2, and 4. Finally, at 3= 14 we obtain: . o .

(i) L=1, 2, and 3;(ii) incompressibld3*2] state atL=0 Charged excitons and excitonic complexes play an impor-
(My—x- is irrelevant for oneX ) and the first excited band tant role in dgtermmmg the low energy spectra of_ electron-
atL=1, 2, 3, 4, and 5(iiil) L=1; and(iv) L=3. hole systems in a strong magnetic field. We have introduced

For the 12+6h spectrum in Fig. 3, the following CF general Laughlin-type c_orrelation_s into the wave functions
predictions are obtainedy) For my_y-=3 we obtain the and proposed a gen_erallzed CF picture to elucidate the angu-
Laughlin v=1/3 state withL=0. Because of the hard core lar momentum multlplet_s forrr_ung the IOV_VGSF energy bands
of Vs, this is the only state of this groupingyi) We set for different charge configurations occurring in the glectror)—
My—x-=3 andm,-x-=1, 2, and 3. Fom,y-=1 we ob- hole system. We have found Laughlin incompressible fluid
tainL=1. 2. 2 42 53 g3 73 82 92 10 and 11. For States of multicomponent plasmas at particular values of the

T s s e L magnetic field and the lowest bands of multiplets for various
charge configurations at any value of the magnetic field. It is
) noteworthy that the fictitious Chern-Simons fluxes and
My-x; =3, andme-x-=1, 2, or 3. Fom-x-=1 we obtain  charges of different types or colors are needed in the gener-
L=2, 3, #, 5% 6% 72, 82 9, and 10. Fom,-x-=2 we alized CF model. This strongly supports the view that the
obtainL=2, 3, 4, 5, and 6. Fom,-x-=3 we obtainL effective magnetic field seen by the CF'’s is simply a math-
=2. In groupings(vi) and (vii), the sets of multiplets ob- ematical construct, not a “real” physical magnetic field.
tained for higher values ofn.-yx- are subsets of the sets
obtained for lower values, and we would expect them to
form lower energy bands since they avoid additional small
values ofR .-x-. However, note that thevi) and(vii) states We thank P. Hawrylak and M. Potemski for helpful dis-
predicted formg-yx-=3 (atL=1 and 2, respectivelydo not  cussions. A.W. and J.J.Q. acknowledge partial support from
form separate bands in Fig. 3. This is becai¥gex-(L) the Materials Research Program of Basic Energy Sciences,
increases more slowly than linearly as a functionLgt U.S. Department of Energy. K.S.Y. acknowledges support
+1) in the vicinity of R .-x- =3 (see Fig. L In such case from the Korea Research Foundati@roject No. 1998-001-
the CF picture fail$? D003035.

Me-x-=2 we obtainL=1, 2, 3, 4, 5, and 6. Fom-x-
=3 we obtainL=1. (vii) We setmy-x-=3, mefxzle,
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